Measurements of the ionic current flowing through nanometer-scale pores (nanopores) have been used to analyze single DNA and RNA molecules, with the ultimate goal of achieving ultrafast DNA sequencing. However, attempts at purely electronic measurements have not achieved the signal contrast required for single nucleotide differentiation. In this report we propose a novel method of optical detection of DNA sequence translocating through a nanopore. Methods: Each base of the target DNA sequence is 1st mapped onto a 2-unit code, 2 10-bp nucleotide sequence, by biochemical conversion into Designed DNA Polymers. These 2-unit codes are then hybridized to complementary, fluorescently labeled, and self-quenching molecular beacons. As the molecular beacons are sequentially unzipped during translocation through a <2-nm-wide nanopore, their fluorescent tags are unquenched and are detected by a custom-built dual-color total internal reflection fluorescence (TIRF) microscope. The 2-color optical signal is then correlated to the target DNA sequence. Results: A dual-color TIRFM microscope with singlemolecule resolution was constructed, and controlled fabrication of 1-dimensional and 2-dimensional arrays of solid-state nanopores was performed. A nanofluidic cell assembly was constructed for TIRF-based optical detection of voltage-driven DNA translocation through a nanopore. Conclusions: We present a novel nanopore-based DNA sequencing technique that uses an optical readout of DNA translocating unzipping through a nanopore. Our technique offers better single nucleotide differentiation in sequence readout, as well as the possibility of largescale parallelism using nanopore arrays.
The pioneering completion of the 1st reference human genome sequence (1 ) has marked the commencement of an era in which genomic variations directly impact drug discovery and medical therapy. This new paradigm has created an imminent need for inexpensive and ultrafast methods for DNA sequencing. In the near future, medical practitioners will be able to routinely analyze the DNA of individual patients in a clinical setting before prescribing drugs, and check them against online databases in which genomic information relevant to any drug is documented. In addition, affordable sequencing technologies will transform research in comparative genomics and molecular biology, allowing scientists to quickly sequence whole genomes from cell variants. To realize ultrafast and inexpensive DNA sequencing, revolutionary technologies are needed to replace the classical methods based on Sanger's "dideoxy" protocol (2 ) . New technologies should address 2 main bottlenecks. First, sample size should be reduced to a minimum, enabling sequence readout from a single DNA molecule or a small number of copies. Second, readout speed should be increased by several orders of magnitude compared to current state-ofthe-art techniques.
In recent years, nanopores have been used extensively as sensitive single-biomolecule detectors. It has been shown that single-stranded DNA (ssDNA) 2 molecules can be electrophoretically driven through a 1.5-nm ␣-hemolysin nanopore in a single file manner. This process is termed DNA translocation (3) (4) (5) . One of the driving ideas in this field has been that nanopores could be used for direct electronic readout of the DNA sequence (6 ) . Early studies, however, have indicated that several prominent issues must be addressed before nanopores could be used for single-molecule sequencing (5, 7 ) . In particular, fast DNA translocation speed and low contrast between the electrical signals of the 4 base types have prevented singlenucleotide differentiation.
In this report we focus on an emerging method based on ultrafast optical readout of labeled DNA polymers as they sequentially translocate through a nanopore. In this method, DNA is initially labeled with fluorescent markers that specifically report on its sequence. One possible labeling procedure uses the Design DNA Polymer (DDP) concept, in which each nucleotide in the original DNA is substituted with a group of nucleotides (each base type is substituted with a unique sequence of 3-16 nucleotides). Then, fluorescently tagged oligonucleotide molecular beacons, complementary to the converted DNA, are hybridized to the DNA and the molecule is electrophoretically fed through a nanoscale pore. The pore is used to sequentially peel off oligonucleotide molecular beacons, one by one, from the design polymer while the flashes of light in different colors arising from the attached fluorophores are detected. The DNA translocation speed is regulated by the DNA unzipping kinetics, and the contrast among bases is achieved through the use of optical probes, circumventing the outstanding problems with the electronic nanopore-sequencing method. Most strikingly, the optical readout method used here can be used in parallel through the fabrication of high-density nanopore arrays (8 ) , thus magnifying the readout throughput of this method by several orders of magnitude, achieving a target readout rate of more than approximately 1 megabase/s.
Materials and Methods
Instead of direct reading of the sequence of the DNA target, this method uses an initially produced magnified representation of the DNA code that is hybridized with fluorescently labeled probes and detected with a high signal-to-noise ratio by total internal reflection fluorescence (TIRF) microscopy. Our approach involves 2 steps, conversion of DNA molecules into longer and regularly structured DNA molecules, termed DDPs, and reading of the DDPs in a highly parallel way using optical detection of nanopore arrays.
concept of ddps
DDPs are based on a simple idea: each of the 4 different nucleotides constituting DNA molecules is substituted with 2-unit codes, which are identified by "0" or "1" (9 ). For example, an adenine in the original sequence is substituted with the 2-unit codes (0,0), a cytosine with (0,1), a guanine with (1,0), and thymine with (1,1). The DDP is a sequential concatenation of the 2 types of unit codes reflecting the base sequence of the original DNA molecule (see Fig. 1 ). In the current implementation, these unit codes are designed to be 10 -16 bp-long DNA segments. For example, the 0 unit code is ATT TAT TAG G, and the 1 unit code is CGG GCG GCA A, but any other sequence for the unit code is also possible. Notably this conversion results in an approximately 20-fold increase in DNA length, but single nucleotides no longer need to be resolved. Instead only the identity of the unit codes has to be detected (0 or 1). This conversion thus greatly simplifies the readout process.
DDPs are made with a biochemical conversion method developed by LingVitae AS (9 ) . Advantages of this method for single-molecule DNA sequence analysis are as follows: (a) It is much easier to distinguish single-bit information (2 states) than 2-bit information (4 
states). (b)
The unit code is magnified from a single base to 10 bases (or more if required). (c) The sequence of the unit codes can be engineered to maximize the contrast between the 0 and the 1, thus optimizing discrimination. (d) Most importantly, the conversion of Ͼ10 8 different DNA strands can be performed simultaneously in a single tube and thus extremely high throughputs can be achieved. The massive parallelism offered by this method offsets the additional preparation steps and presents new possibilities for genome analysis.
dna translocation through nanopores
Voltage-driven DNA translocation dynamics have been reviewed in several publications (6, 10 ) . In addition, DNA hairpin unzipping by use of a biological pore (␣-hemolysin) has been extensively studied (11) (12) (13) (14) . Fig. 2 shows an example of the ion current blockades through a single ␣-hemolysin pore, caused by the translocation of a short ssDNA (Fig. 2, top panel) and a DNA strand of the same length with a 14-bp hairpin at 1 end (Fig. 2, lower panel) . The entry of the DNA into the pore abruptly decreases the ion current to the blocked level. When the DNA exits from the other side, the open pore current level is restored (approximately 100 pA in Fig. 2 ). Studies of ssDNA translocation through nanopores have shown that the translocation time grows linearly with ssDNA length (7 ). For example, 50-mers of ssDNA typically translocate through a nanopore in approximately 100 s (at 120 mV and room temperature). The translocation time is longer by at least an order of magnitude for the DNA hairpins (Fig. 2, bottom panel) . Studies have demonstrated that this longer translocation time is attributable to the unzipping of the double-stranded section in the DNA hairpins (13 ) . Fig. 3 displays the characteristic unzipping time for 3 different DNA hairpin lengths, 7, 9, and 10 bp (squares, triangles, and circles, respectively) as a function of the applied voltage (13 ) . Extensive DNA unzipping experiments have shown that for a given hairpin length, the characteristic unzipping time exponentially decreases with the applied voltage, V, producing unzipping times that are at least an order of magnitude longer than the translocation time of ssDNA. Appropriate voltage can thus be used to tune the DNA unzipping time. For example, for the 10-bp hairpin, a 120-mV potential yields an unzipping time of approximately 10 ms.
Solid-state nanopores have been recently introduced as a substitution for phospholipid-embedded biological pores. Solid-state nanopores have tunable dimensions, and can tolerate a broad range of temperature, pH, and chemical variation, thus offering greater flexibility and robustness. Solid-state nanopores can be fabricated in free-standing Si 3 N 4 and SiO 2 films using Ar ion beam or electron-beam sculpting (15) (16) (17) . Studies using solid-state pores have recently begun to emerge, demonstrating the detection of double-stranded and ssDNA conformations (18 -26 ) . Fabrication of solid-state nanopores enables the simultaneous threading of DNA through nanopore arrays (17, 27 ) , thus increasing throughput and allowing massive parallelism in DNA sequencing and analysis (see Fig. 4 ).
optical readout of dna sequence translocating through nanopores
The concept of the nanopore-optical readout platform is illustrated in Fig. 5 . DNA is biochemically converted to the DDP, and then from double-stranded to ssDNA, as described above. Each base in the original DNA sequence will be represented by a unique combination of 2 binary code units (0 and 1 labeled in open and solid circles, respectively). In this case, the 0 and 1 will be defined as unique DNA sequences of 10 nucleotides each, "S0" and "S1", respectively. The single-stranded DDP is hybridized with 2 types of molecular beacons that are complementary to the 2 code units and display minimal crossinteractions. One of the beacons contains a red fluorophore on its 5Ј end and a quencher, Q, at its 3Ј end, and the other beacon contains a green fluorophore at its 5Ј end and the same quencher molecule Q at its 3Ј end. The broad-spectrum quencher molecule Q quenches both fluorophores. The 2 different color fluorophores make it possible to distinguish between the 2 beacons. The molecular beacons self-quench in solution and are usually designed to "light up" on hybridization to their targets (28, 29 ) . However, in our case the DDP sequence will induce the arrangement of the beacons next to each other so that quenchers on neighboring beacons will quench the fluorescence emission and the DNA will stay "dark" until individual code units are sequentially removed from the DNA (excluding the 1st beacon). This concept is a key feature of the nanopore-optical readout method; it significantly reduces the fluorescence background from neighboring molecules and from free beacons in solution, resulting in a higher signal-to-background ratio (8 ) .
When the molecule is introduced to the nanopore, the beacons are stripped off one by one with a time delay of approximately 5-10 ms. This time is tuned by the electric field intensity to optimize the signal-to-background levels (13 ) . As shown schematically in Fig. 5 , each time a new beacon is removed, a new fluorophore is unquenched and registered by a custom-made microscope. By design, the released beacon is automatically closed, quenching its own fluorescence, whereupon it diffuses away from the vicinity of the pore. When the 1st beacon is released, a new fluorophore from the 2nd beacon immediately lights up. We estimate a readout time (for a single pore) of approximately 5 ms/base or 200 units/s.
preliminary studies
We are currently performing feasibility studies for our optical detection method using solid-state nanopores. First, for proof-of-concept we designed and synthesized DNA oligonucleotides that encode a single bit (1 code unit), 2 bits, and up to 8 bits of information. These molecules were used for DNA unzipping studies using 2-nm solid-state nanopores fabricated in our laboratory. These nanopores showed results similar to those obtained with biological pores. We have also fabricated several solid-state nanopore arrays (3 ϫ 3, 6 ϫ 6) showing good uniformity of nanopore size and shape (Fig. 4C) .
Second, we have fabricated a custom-built fluid cell to incorporate simultaneous 2-color imaging of nanopores using standard nanofabrication techniques (see Fig. 6 ). Silicon oxide nanochannels (approximately 60-nm deep and 50-m wide) are fabricated under the silicon chips with a 20-nm thick and 20-m square free-standing silicon nitride window, using plasma enhanced chemical vapor deposition and wet etching. These chips are then bonded to glass cover slips and the channel is wetted with buffer (10 mM Tris-HCl pH 8.0, 1 M KCl) as shown in Fig. 6 , enabling the fluid cell to be mounted on our TIRF microscope. The silicon oxide channels under the chip position the silicon nitride membrane within the evanescent decay length of TIR illumination. The channel acts as the trans chamber for the nanopore current flowing from the cis chamber, which is glued on top of the chip.
Finally, a 2-color single-molecule objective type TIRF system has been custom built for optical detection of DNA translocation through a nanopore. We use a combination of blue and red diode lasers (488 nm and 640 nm) to illuminate the sample. Light is collected by use of an oil-immersion high numerical aperture objective, and imaged by use of a frame transfer cooled electronmultiplying charge-coupled device camera. Using a custom acquisition code, we are able to acquire images at Ͼ200 frames per second, which corresponds to an integration time of approximately 5 ms per image. 
Conclusions
Our unique experimental geometry bridges combine 2 powerful single-molecule methods, nanopore-based DNA unzipping and optical detection using TIRF microscopy. An immediate goal is to achieve single-pore readout speeds of approximately 200 units/s and approximately 14 kb/s using a 6 ϫ 6 nanopore array, an important step toward realizing the final goal readout speed of Ͼ1 Mb/s through a 100 ϫ 100 array. In addition, we aim to increase the biochemical conversion lengths from 24 bases to 40 bases and to develop strategies for simultaneous data processing and error correction. Successful development of these DNA-sequencing nanotechnologies could have profound significance in the fields of analytic nanobiosciences, genomic studies, genome-based medical treatment, and nanomedicine. Grant/funding support: We acknowledge support from National Institutes of Health Grants R01 HG004128 and R21 HG003574. Financial disclosures: None declared. Acknowledgments: We acknowledge Meni Wanunu and Ben McNally for help in nanopore fabrication, Jerome Mathé for DNA unzipping data using protein pore, and Preben Lexow of LingVitae AS for stimulating discussions. The method involves 3 steps: (a), biochemical conversion of the target DNA to DDP format, (b) hybridization of the design polymers with molecular beacons, and (c), optical readout of the design polymers using a nanopore-assisted method. The biochemical conversion is performed as described in the text. In this illustration the code units are labeled in open and solid circles (0 and 1, respectively). Many DNA fragments can be converted simultaneously. DDPs are then converted to single-stranded format, and a poly(dA) end is added at the 3Ј end of the molecules (to facilitate nanopore threading). Custom molecular beacons are hybridized with the converted design polymers in a single step (b). Finally, in step c we display the readout of 2 nucleotides (cytosine and guanine), or 4 code units, using the nanopore. The DDP is threaded through the pore while the fluorescence from the front beacon is registered; the other beacons are quenched until they reach the pore. Each pore is capable of reading approximately 200 code units/s, and the readout can be paralleled using dense arrays of nanopores. Fig. 6. (A) , schematic illustration of the nanopore chip assembly for optical imaging using TIRF microcopy.
(B), optical image of the back surface of the nanopore chip after fabrication of the 60-nm high SiO 2 channel. The inset displays a zoom in view of the membrane area where the nanopore array is fabricated.
